Here we report results of water pressure pulse studies conducted at Storglaciären (Sweden) and West Washmawapta Glacier (British Columbia, Canada). Comparison of pressure pulse records with meteorological conditions at Storglaciären indicates that several periods of increased basal slip activity observed during a 10 day interval of summer 2008 were due to precipitation loading of the glacier surface, rather than to infiltration of surface water to the glacier bed; this indicates that the glacier bed was close to the failure strength for much of this interval. Pressure pulse magnitudes for the two glaciers were well-fit by power law distributions similar to those earlier observed at Trapridge Glacier (and similar in form to the GutenbergRichter relationship commonly used in seismology), suggesting that the mechanical processes that give rise to these distributions are robust features of soft-bedded glaciers. In contrast, interevent time distributions for both glaciers diverge from those observed at Trapridge Glacier for short recurrence intervals, suggesting that the factors that govern the rate at which these processes occur differ between glaciers. An examination of pressure pulse characteristics at West Washmawapta Glacier indicates that the establishment of a basal drainage system in summer 2008 resulted in increased stability and reduced sensitivity to meltwater input, suggesting that common assumptions about the relationship between meltwater production and ice flow are oversimplified. These results demonstrate that water pressure pulse observations can provide valuable insight into the dynamics of soft-bedded glaciers. [1] Here we report results of water pressure pulse studies conducted at Storglaciären (Sweden) and West Washmawapta Glacier (British Columbia, Canada). Comparison of pressure pulse records with meteorological conditions at Storglaciären indicates that several periods of increased basal slip activity observed during a 10 day interval of summer 2008 were due to precipitation loading of the glacier surface, rather than to infiltration of surface water to the glacier bed; this indicates that the glacier bed was close to the failure strength for much of this interval. Pressure pulse magnitudes for the two glaciers were well-fit by power law distributions similar to those earlier observed at Trapridge Glacier (and similar in form to the Gutenberg-Richter relationship commonly used in seismology), suggesting that the mechanical processes that give rise to these distributions are robust features of soft-bedded glaciers. In contrast, interevent time distributions for both glaciers diverge from those observed at Trapridge Glacier for short recurrence intervals, suggesting that the factors that govern the rate at which these processes occur differ between glaciers. An examination of pressure pulse characteristics at West Washmawapta Glacier indicates that the establishment of a basal drainage system in summer 2008 resulted in increased stability and reduced sensitivity to meltwater input, suggesting that common assumptions about the relationship between meltwater production and ice flow are oversimplified. These results demonstrate that water pressure pulse observations can provide valuable insight into the dynamics of soft-bedded glaciers.
Introduction
[2] A common feature of glaciers and ice streams that slide over their beds is that they generate seismic signals. Seismic emissions of varying character have been detected from beneath alpine glaciers [e.g., Van Wormer and Berg, 1973; Weaver and Malone, 1979; Deichmann et al., 2000; Ekström et al., 2003] , surging glaciers [e.g., Stuart et al., 2005] , major outlet glaciers of the Greenland Ice Sheet [e.g., Ekström et al., 2006] , and West Antarctic ice streams [e.g., Anandakrishnan and Bentley, 1993; Wiens et al., 2008] , and are of interest because their study can shed light on the processes that generate them.
[3] An alternate approach is to observe short-term pressure fluctuations (or "pulses") that accompany these seismic signals [Kavanaugh, 2009] ; these pulses can be thought of as simpler variants of the seismic stress tensor. Here we examine pressure pulses recorded at Storglaciären (Sweden) and West Washmawapta Glacier (British Columbia, Canada) . In this study, we use characteristics of these records to examine (1) the dynamical response of Storglaciären to meteorological forcings during a 10 day interval in summer 2008, (2) general basal stress conditions at the two glaciers, and (3) the evolution of dynamical conditions at West Washmawapta Glacier during the establishment of basal drainage in summer 2008. The results demonstrate that pressure pulse observations can produce important new insights into the nature and evolution of conditions at the bed of soft-bedded glaciers.
Field Data

Storglaciären, Sweden
[4] Pressure values were recorded in two boreholes drilled in Storglaciären (SG), Sweden (Figure 1 ), a soft-bedded polythermal glacier that has been the location of extensive studies into glacier mechanics [e.g., Iverson et al., 1995] and hydrology [e.g., Hock and Hooke, 1993; Fountain et al., 2005] . The boreholes were located on the glacier centerline approximately 200 m upglacier from the terminus. Ice in this location is approximately 40 m thick, with a cold surface layer of ∼25 m thickness overlying temperate ice; this cold layer ensures that the upper portion of boreholes drilled there freeze closed within a few days (which permits both negative pressure values and pressure heads in excess of the local ice thickness to be achieved). The mean annual surface velocity in this region is ∼9 m/yr, with slightly higher summer velocities (∼11 m/yr); repeat borehole inclinometry studies indicate that almost all of the measured surface velocity here is due to basal motion [Moore, 2009] . The boreholes for pressure pulse measurement were drilled to within approximately 1 m of the glacier bed and instrumented with pressure transducers (Omega Engineering, Inc. Model PX302; response time: 1 ms). These "blind" boreholes were used to ensure that the volume of water contained in the boreholes would remain constant during short-term pulse events (see Kavanaugh [2009] for additional details). The transducers installed in these boreholes were sampled by a Campbell Scientific CR1000 datalogger at a rate of 50 Hz [Kavanaugh and Moore, 2010] . Three pressure values were recorded at the end of each second: (1) the final (i.e., fiftieth) pressure value measured during the 1 s interval (which we will refer to as the "discrete" water pressure P D ), (2) the maximum of the 50 pressure values measured during the second (P M ), and (3) the minimum pressure measured during the second (P N ). Throughout this paper, water pressure and pulse amplitude values are expressed in units of pressure head (SI unit: m) , which eases visualization and facilitates comparison with the flotation pressure head P F = H I W (where H is the local ice thickness and r I = 917 kg m −3 and r W = 1000 kg m −3 are the densities of ice and water, respectively). Because the flotation pressure scales with ice thickness, it provides a natural scaling factor for pressure pulse magnitudes (defined in equation 1).
[5] Figure Figure 2a ) show gradual cooling, and range between −17.8°C and +10.2°C. P1 was installed 0.5 m above the bottom of a borehole drilled to a depth of 39.5 m in a location where the glacier was approximately 40.5 m thick (indicated by depths of nearby boreholes drilled to the glacier bed); the local flotation pressure is thus P F ≈ 37 m. P2 was installed in a similar manner approximately 15 m downglacier from P1 in a borehole drilled to a depth of 37 m in 38 m thick ice (P F ≈ 35 m). Discrete borehole water pressure P D values for P1 and P2 are shown as black curves in Figures 2c and 2f , respectively. Following installation, both records exhibit pressure values that gradually decrease for approximately one month, followed by generally steady pressures of ∼26 m (P1) and ∼40 m (P2). Although these pressures are, respectively, less than and slightly greater than local flotation values (represented by the horizontal dashed lines), they are not necessarily representative of basal water pressures given the "blind" nature of the boreholes.
[6] For both transducers, maximum (blue) and minimum (red) pressure values P M and P N are generally similar to the discrete values, but exhibit brief (1 s) but significant departures at various times throughout the record. For P1 (Figure 2c ), the lowest minimum and highest maximum pressure values captured during the record are −57 m and 76 m, respectively; both values plot off-scale. For P2 (Figure 2f) , extremal values range between 0.4 m and 54.0 m. Characteristics of these brief pressure excursions, or "pulses", are revealed by plotting their amplitudes. Following Kavanaugh for P1, with extremal values of max(DP + ) = 14.1 m and min(DP − ) = −40.0 m. During the 112 day record, transducer P1 recorded 5347 pressure pulses equal to or larger than the minimum pulse threshold of 1.2 m (a value that represents twice the resolution of the datalogger's analog-to-digital converter; pulses with smaller amplitudes are indistinguishable from transitions between discretization levels). This total is nearly evenly distributed between positive (n + = 2693) and negative (n − = 2654) pulses. P2 recorded 3900 pressure pulses during the same interval, including n + = 2469 positive pulses and n − = 1431 negative pulses.
[7] Comparison of the pulse records for P1 and P2 shows that the two records exhibit common periods of elevated pulse activity; in addition, several such periods correspond with times of measurable precipitation. These relationships are further demonstrated in Figure 3 , which shows (a) air temperature, (b) incoming solar radiation, and (c) precipitation values measured during the 10 day period spanning 21 September to 1 October (days 265-275) 2008, in comparison to discrete (black), maximum (blue) and minimum (red) pressures recorded by transducers P1 (d) and P2 (e). These data will be discussed in section 3.1.
West Washmawapta Glacier, British Columbia, Canada
[8] West Washmawapta Glacier (WWG) is a small (∼1 km 2 ) cirque glacier in the Vermilion range of British Columbia (Figure 4 ). The glacier sits in an overdeepened bowl, and has a maximum ice thickness of ∼185 m. Surface ice flow rates are generally low, with a peak mean annual flow rate of ∼11 m/yr [Sanders et al., 2010] . Several pressure transducers of identical make and model to those used at Storglaciären were installed in 2007 to investigate drainage system characteristics (C. F. Dow et al., Subsurface hydrology of an overdeepened cirque glacier, submitted to Journal of Glaciology, 2010). On 31 July (day 213) 2008, two of these sensors (P4 and P8, described in Dow et al., submitted manuscript) were rewired to a CR1000 data logger programmed to sample at 10 Hz and to record discrete (P D ), maximum (P M ) and minimum (P N ) pressure values at 10 s intervals; the third transducer discussed here (P10 in Dow et al., submitted manuscript) measured water pressures at 2 min intervals. These three sensors were installed at ∼100 m spacing along a transect that (1) was approximately 200 m upglacier from the crest of a riegel that marked the downglacier extent of an overdeepening [determined by Ground-Penetrating Radar (GPR) survey; see Sanders et al., 2010] and (2) trended across-flow from a location approximately 100 m from the glacier margin toward the glacier center ( Figure 4) . As in the case of Trapridge Glacier (TG) and SG, the upper portion of boreholes drilled at WWG froze closed within a week. In contrast to those used at SG, however, the boreholes in which transducers were installed at WWG were drilled to the glacier bed, and unlike the boreholes used to record pressure pulses at Trapridge Glacier (TG), the boreholes at WWG established hydraulic connections during the 2007 and 2008 summer seasons (Dow et al., submitted manuscript) . Borehole video surveys indicate that all locations in which the bed was reached at WWG were underlain by soft basal sediments.
[9] Figure 5a shows hourly average air temperatures recorded between 1 August (day 214), 2008 and 19 May Figure 5b . Discrete pressures (black) initially measure ∼75 m, slightly greater than the local flotation value of P F = 71 m (horizontal dashed line), and gradually decrease to below-flotation values over several weeks. Diurnal pressure variations begin on 18 August (day 231) and persist until 6 October (day 280). Values for P M (blue) and P N (red) show a great deal of pressure pulse activity, with measured pressures ranging between −113 m (thus plotting offscale in Figure 5b ) and 189 m. Pressure pulse values DP + and DP − are plotted in Figures 5c and 5d . A total of 199,260 pulses larger than 0.50 m (i.e., identifiably larger than the ∼0.35 m noise floor for pressure data recorded at WWG) was recorded by P4 during the study period, including n + = 98,607 positive-amplitude and n − = 100,653 negative-amplitude pulses. The largest positive pulse measures 125 m (1.76 times flotation), and the largest negative pulse measures −169 m (−2.39P F ).
[10] Figure 6 details air temperatures and basal water pressures during 30 July to 28 September (days 212-272), a 60 day period spanning the onset of diurnal pressure variations in the record of P4. Air temperatures (Figure 6a ) remain above freezing for much of this period, averaging 5.3°C and reaching a maximum of 20.7°C on day 231 (18 August). The discrete pressure record for transducer P4 (Figure 6b , black curve) shows relatively steady, aboveflotation values for the first part of the period, followed (as noted above) by the onset of diurnal variations on day 231 and generally decreasing pressures. Maximum and minimum pressures, P M (blue) and P N (red), respectively, exhibit a large number of brief pressure excursions, with n + = 62,930 and n − = 63,788 for the interval.
[11] Strong responses were observed during this interval in the records of pressure transducers P8 and P10. Transducer P8 (Figure 6d) (Figures 6d and 6e ) was installed in a 150 m deep borehole on 24 August 2007. A video survey of the borehole performed following drilling revealed that a rock had dislodged from the borehole wall and partially blocked the borehole at a depth of 71 m; the pressure transducer was installed just above this obstruction (Dow et al., submitted manuscript) . The record for P10 shows pressure values that are steady and near flotation (represented by the horizontal dashed line) for the first part of the record, followed by an abrupt drop to −100.4 m at 0100:00 on 18 August (day 231). Following this drop, pressure values exhibit diurnal pressure variations of 3-18 m amplitude superimposed onto a nearmonotonic increase. These diurnal pressure variations are, in general, nearly anti-phased with respect to those of P4; a similar relationship was observed during summer 2007 (Dow et al., submitted manuscript) . Pressure values reach a postdrop high of −48.5 m at 1158:00 on 12 September (day 256), which is followed by an additional drop to −113.2 m at Figure 6f will be discussed in a later section.
Analysis and Discussion
[12] Pressure pulses have been observed at all three glaciers where pulse-monitoring studies have been undertaken. Although TG, SG, and WWG are soft-bedded, they differ in behavior and/or setting: TG is a surging valley glacier; SG a non-surging valley glacier; and WWG is a small, non-surging cirque glacier. At each, thousands of small-amplitude pulses have been recorded, as were a small number of pulses exceeding the local flotation pressure. While the monitoring circuit used at TG could only detect positive-amplitude pressure pulses, the use of rapid repeated sampling allowed both positive and negative pulses to be directly measured at SG and WWG. To date, only maximum and minimum values associated with these pressure pulses have been recorded. As a result, the true waveform of these phenomena remains unclear, as do the dynamical differences between events that generate pulses with positive and negative amplitudes. These uncertainties warrant further investigation.
[13] Earlier studies by Kavanaugh and Clarke [2000, 2001] and Kavanaugh [2009] at TG established that pressure pulses are generated by basal motion-induced stress transients that compress water within the borehole. For those studies, the timing of pressure pulses (or of pulse-induced pressure transducer damage) was compared to contemporaneous responses in the records of other instruments, including pressure transducers, geophones, ploughmeters, and vertical strain sensors. Although fewer instrument records are available for comparison with the SG and WWG pressure pulse records, the pressure pulse records can provide useful information about dynamical characteristics of these glaciers. In the following sections, we will discuss (1) the correlation between precipitation and pressure pulse activity at Storglaciären during summer 2008, (2) magnitude and interevent time distributions for the Storglaciären and West Washmawapta Glacier pressure pulse records, and (3) changes in pulse magnitude distributions following development of a basal drainage system at West Washmawapta Glacier during summer 2008.
Dynamical Response of Storglaciären to Meteorological Forcings
[14] Visual inspection of Figure 3 indicates that several intervals of increased pressure pulse activity occur during the 10 day period shown. Furthermore, comparison between the pressure records for P1 and P2 (Figures 3d and 3e ) and the measured meteorological parameters suggests that while intervals of pressure pulse activity are poorly correlated with air temperature and incoming solar radiation values (Figures 3a and 3b) , they appear to be well-correlated with precipitation ( Figure 3c ) during this interval. In order to determine whether these relationships are statistically significant, we performed cross-correlation calculations between the number of pressure pulses detected per hour (the "pulse rate") and measured air temperature, incoming solar radiation, and precipitation.
[15] Figure 7 shows results for cross-correlation calculations for positive (blue) and negative (red) pressure pulse rates recorded by transducer P1. Correlation between the pressure pulse rate and air temperature is generally poor (|r| ≤ 0.22) and shows no distinct peak, suggesting that pulse activity is only weakly correlated with air temperature during this interval. Maximum correlation between the pulse rate and incoming solar radiation ( Figure 7b ) is achieved at a lead time (i.e., radiation leading pulse activity) of 9 hr. (The secondary peak at lag +15 hr represents correlation with the following day's radiation signal). The cause of the 9 hr lag between incoming solar radiation and pulse activity is not known. One possibility is that the intensity of radiation received in the ablation zone differs significantly from that recorded at the Tarfala Research Station (located ∼1 km away; see Figure 1 ). The meteorological station is on fairly level ground and gets good mid-day sun from the south even when the sun angle is low in the fall (the period of pressure pulse measurements). In contrast, a good part of the glacier is shaded from the late season sun by a steep wall to the south. The glacier's eastward aspect and steep surface slopes in the lower ablation area (factors not corrected for in Figure 3b ) suggest that the amount of solar radiation received there is likely greatest during morning hours. It is not clear whether these factors are sufficient to explain the observed lag, however.
[16] Stronger correlation is observed between precipitation and the pressure pulse rate (Figure 7c) , with a peak correlation of r = +0.63 at zero lag. Correlation between precipitation and pulse rates drops off substantially with non-zero lag times, dropping to r = 0.38 and r = +0.42 for lead and lag times of 1 hr, respectively. (If cross-correlations are calculated using the integral of pressure pulse amplitudes over each 1 hr interval, rather than the pulse rate, r values differ from those shown in Figure 7 by less than ±0.05; similarly, the forms of the phase relationships are unchanged. Peak correlation between precipitation and the integrated pressure pulse signal is r = +0.61 at zero lag.) A measurable amount of precipitation (≥0.16 m/hr) fell during 59 of the 240 one-hour intervals spanning this period. Transducer P1 recorded 893 positiveamplitude pressure pulses during this period, 568 (63.6%) of which occurred during intervals in which measurable precipitation fell. Similar relationships are observed between precipitation and negative pulses from P1 (with 333 of 644 pulses occurring during times of measurable precipitation), and for both positive (494 of 862 pulses) and negative (293 of 555 pulses) pulses for transducer P2. Given that times during which measurable precipitation fell represent <25% of the interval represented in Figure 3 , these records indicate a significant correlation between precipitation and pressure pulse activity during this period.
[17] Air temperature is the dominant control on surface ablation, and solar radiation is a second-order control [e.g., Hock, 1999] . Air temperatures reach a peak of +8.8°C on the first day of this interval and remain above freezing for the first four days; for the remaining six days, temperatures vary between −5.3°C and +2.2°C. Peak daily solar radiation values during this period range ∼90-320 W m −2 . Given these values, it is reasonable to expect that surface melt was occurring [see, e.g., Figures 3 and 5 of Hock, 1999] . Despite this, correlations between pulse rates and both air temperature and solar radiation are poor, and very little pressure pulse activity is seen during day 265, when air temperatures are highest. These observations suggest that pressure pulse activity during this interval was not related to meltwater production. In contrast, precipitation and pulse activity are strongly correlated. Given that water reaching the bed should have the same influence on basal processes regardless of its provenance, this raises the question of whether the strong correlation between increased pulse activity and precipitation is due to penetration of that water to the ice-bed interface or to some other factor.
[18] As noted above, pressure values indicated in the records for P1 and P2 do not necessarily represent conditions at the glacier bed given their installation in blind boreholes. As no other reliable pressure records exist during this period, it is not possible to determine whether the periods of elevated pressure pulse activity are accompanied by changes in subglacial water pressure. However, SG has been the subject of numerous hydrological studies, and the hydrological characteristics of this region of the glacier are relatively well known. Because of a cold surface layer of 20-40 m thickness, ice in the lower region of the glacier is impermeable to surface water [Holmlund and Eriksson, 1989] ; furthermore, the relatively steep (∼15-25°) surface slopes in this area facilitate development of an efficient supraglacial summer drainage system. For these reasons, surface waters in the lower reaches of the glacier are drained supraglacially, and any basal water found there entered the englacial system through moulins and crevasses located some distance upglacier [Hock and Hooke, 1993] . Surface waters entering these upglacier locations, whether generated by surface melt or accumulated from precipitation, would therefore likely take similar paths to the glacier bed, and would thus experience similar lag times between entry into the englacial system and transport to the bed. Dye-tracing experiments by Hock and Hooke [1993] suggest that transit times in the lower portion of the glacier range 1-4 hr. These times are both substantially shorter than the 9 hr lag seen between incoming solar radiation and pulse rates (Figure 7b ) and longer than that between precipitation and pulse rates (Figure 7c ). This suggests that the strong correlation between precipitation and pressure pulse activity is not due to an influence on basal processes, but rather to some other forcing.
[19] One potential forcing might be triggering due to water loading of the ice surface. Unlike water generated by surface melt (which would have neutral impact on the glacier's mass), the addition of water mass during precipitation events would increase the total glacier mass, thus increasing the gravitational driving stress. If basal stresses are maintained near the yield strength (as suggested by Kavanaugh [2009] ), this small perturbation might be enough to trigger failure. We interpret these data to indicate that shear stresses at the bed in the lower portion of Storglaciären were near failure during much of this interval. Similar responses to precipitation loading (though during winter months) was reported by Clarke [2003] for Trapridge Glacier. These observations provide further evidence that the Coulomb failure behavior of sediments allows basal stresses of softbedded ice masses to be maintained at the threshold of failure [Kavanaugh, 2009] .
Pressure Pulse Magnitude and Interevent Time Distributions
[20] Analysis of pressure pulses recorded at Trapridge Glacier by Kavanaugh [2009] showed that pressure pulse magnitudes M DPi , defined as (where i = +, −), fit a power law distribution of the form
over approximately two orders of magnitude; this relationship is similar to the Gutenberg-Richter relationship commonly used to describe earthquake magnitude distributions [Gutenberg and Richter, 1954] . Similarly, the distribution of interevent times (the wait time t i between consecutive positive (i = +) or negative (i = −) pressure pulses of magnitude greater than a specified value) was well-fit over nearly four orders of magnitude by a power law function of form
So defined, equations (2) and (3) are "cumulative" distributions, counting the number of occurrences with magnitudes m ≥ M DPi and interevent times t ≥ t i . This formulation minimizes the potential difficulties associated with measurement rates and pressure resolution differences between studies. The sampling and recording frequencies of 50 Hz and 1 Hz, respectively, employed at SG means that there is a 2% probability that the maximum and/or minimum pressure value recorded during each interval will coincide with the discrete pressure measurement; similarly, the sampling and recording intervals of 0.1 s and 10 s employed at WWG yield a 1% chance that the discrete pressure will represent the maximum or minimum to be recorded during a given interval. Although this is likely to have an impact on the distribution curves, this impact is much smaller than would result from smoothing or averaging of the discrete pressure record. Therefore, in order to minimize the introduction of artifacts into the distributions, all magnitude and interevent time distributions shown in Figures 8-10 were calculated using values for P D , P M , and P N as recorded by the dataloggers.
Pressure Pulse Magnitude Distributions
[21] Figure 8 shows pressure pulse magnitude distributions for pressure pulses recorded by SG transducers P1 (Figure 8a ) and P2 (Figure 8b ) and WWG transducers P4 (Figure 8c ) and P8 (Figure 8d ). Minimum observed pulse magnitudes were determined by the lower detection limit of pulses at each glacier (−1.5 and −2.2 for SG and WWG, respectively), and maximum pulse values ranged between −0.39 (P2, positive pulses: Figure 8b , blue) and +0.38 (P4, negative pulses: Figure 8c , red). Observed pulse magnitude distributions for both glaciers are generally linear between their lower-magnitude limits and M DPi ≈ −0.5. Above this value, the curves diverge from this linear trend, showing either fewer or more pulses than the linear trends over the rest of the distribution would indicate. These distributions thus exhibit characteristics similar to those recorded at TG [Kavanaugh, 2009] . The observed departures from linearity at large pulse magnitudes are likely a consequence of the . Shown are the number of intervent times t ≥ t i for positive-amplitude (blue) and negative-amplitude (red) pressure pulses with magnitudes M DPi ≥ −1.5 for each transducer; power law exponent g = 1 shown in each panel as the dashed line. Vertical dotted lines represent interevent times of 10 s and 120 s (the recording intervals employed at WWG and TG, respectively). The vertical dotted lines represent interevent times of 120 s, the recording interval employed for transducers P4 and P8 at TG, and the green curve in Figure 9c represents a least squares best fit to an exponential function for positive-amplitude pulses. statistical rarity of high-magnitude events [Bak, 1996] . For example, the negative-amplitude pulse distribution for transducer P1 at Storglaciären (Figure 8a , red) departs from linearity at magnitude M DP − = −0.4; only 9 pressure pulses larger than this were recorded. For positive pulses (blue), the departure from linearity occurs at a point on the curve represented by just two pulses. These portions of the distribution curves represent approximately 0.3% and 0.1% of the n − = 2654 and n + = 2693 pressure pulses recorded by that sensor, respectively. Similarly, the departure from linearity for negativeamplitude pulses in the record for P4 of WWG (Figure 8c , red), occurs at a point represented by ∼300 pulses, or approximately 0.3% of the ∼100,000 pulses recorded by that sensor. The records from SG and WWG shown in Figure 8 and the record from TG in Kavanaugh [2009] suggest that pressure pulse magnitudes are generally well-represented by power law distributions of the form of equation 2 and with b values ranging between ∼1 and ∼2.5. Table 1 gives values for the pressure pulse magnitude distribution power law exponents b + and b − determined by least squares fitting over the range −1.45 ≤ M DPi ≤ −0.45 for SG and −2.0 ≤ M DPi ≤ −0.5 for WWG; given for comparison is the b + value for pressure pulses recorded at Trapridge Glacier from Kavanaugh [2009] .
[22] Although detected pressure pulse magnitudes range from the lower detection limit to greater than the local flotation pressure, the occurrence of significantly larger events at West Washmawapta Glacier is indicated by (1) the abrupt changes in the pressure record of transducer P8 (Figure 6c ), (2) the out-of-range values reported by the same transducer, (3) the abrupt drop to negative values in the record of transducer P10 (Figure 6d) , and (4) the subsequent failure of P10 on day 231. Similar features were observed in pressure records by Kavanaugh and Clarke [2000, 2001] and Kavanaugh [2009] . A laboratory study by Kavanaugh and Clarke [2000] indicated that the abrupt offsets observed in pressure records from Trapridge Glacier resulted from pressure pulses of order 10 3 m (10 4 kPa). Because the transducers used at WWG were from a different manufacturer and carried a higher maximum pressure rating, the pressure offset estimates from that study are not applicable here. Although the magnitudes of these largest pulses remain unknown, their impact on the distributions shown in Figures 8, 9 , and 10 is likely to be minor. While their inclusion would modify the number of events at the upper limits of the magnitude distributions, their capture could act to maintain the linearity and slopes of the distributions over longer observation periods. (Because the y intercept value n increases as the product of the pulse rate and the length of observation, its value necessarily increases over time. Therefore, in order to maintain a linear distribution, increasingly larger pulses must be observed as the length of observation increases.) Given the apparent rarity of extreme pulses with respect to the large number of observed smaller events, their inclusion would likely have no significant impact on the interevent time distributions. Also worth noting is that of the three glaciers monitored for pressure pulses, WWG exhibited the greatest pressure pulse activity. If the processes responsible for pressure pulse generation are important for basal erosion (as suggested by Kavanaugh [2009] ), the high level of pressure pulse activity Figure 9d ) and 10.8 d (P2, Figure 9b ). Table 1 gives values for interevent time distribution power law exponents g + and g − determined by least squares fitting over the range 0.01 d ≤ t i ≤ 1.00 d for SG and 0.01 d ≤ t i ≤ 0.10 d for WWG; included for comparison is the g + value for pressure pulses recorded at Trapridge Glacier [Kavanaugh, 2009] .
[24] The interevent time distribution from Trapridge Glacier reported in Kavanaugh [2009] is approximately linear from the recording interval of 2 min to ∼4 d, a range covering nearly four orders of magnitude. In contrast, the distributions for both SG and WWG exhibit decreased activity (i.e., shallower slopes) at low interevent times, and P1 ( Figure 9a ) shows a slight dip in the number of interevent times of intermediate (∼4 min < t i < ∼0.5 d) value. While departures from linearity at large interevent times are likely due to undersampling of statistically rare values, the observed departures at low interevent time values occur in regions represented by thousands or tens of thousands of events, and therefore represent real deviations from power law distributions. Two points are worth noting here: (1) The interevent time distributions for the SG records are approximately linear down to t i ≈ 1 min. This raises the possibility that a similar drop-off was missed at Trapridge Glacier due to the longer measurement interval employed there. (2) The distributions for West Washmawapta Glacier records deviate from linearity for t i < ∼15 min. The convex-upward shape of these distributions is intermediate in form between that of a power law function, which appears as a straight line on a log-log plot, and an exponential function, for which a sample least squares fit is shown in Figure 9c (green curve).
Implications for Basal Stress Conditions
[25] The pressure pulse records from Trapridge Glacier, Storglaciären, and West Washmawapta Glacier suggest that the power law pressure pulse magnitude distribution of equation 2 (and thus the linear character of these values in log-log plots) is a robust characteristic of these signals. In contrast, interevent time distributions range from power law (in the case of Trapridge Glacier, at least over the range of times resolved by that study) to near-power law (Storglaciären) to near-exponential (West Washmawapta Glacier). These characteristics might result from variations in the relative importance of frictional and ice-viscous processes to the reloading of pinning points at the glacier bed following a slip event.
[26] To explore this possibility, we consider two scenarios. In the first, let us assume that the gravitational driving stress at a particular glacier is resisted entirely by traction provided by a large number of pinning points at the glacier bed; let us further assume that each of these pinning points is very near the Coulomb failure stress. Under these conditions, failure at one pinning point would result in the transfer of stress to neighboring pinning points. This transfer might result in a (minimally) stable stress distribution in which no additional pinning points fail, or it might cause the failure of one or more neighboring points. In the latter case, additional slip and a further redistribution of stresses results; this process would continue until stress equilibrium is achieved. In this manner, failure at a single point can cascade into an event of nearly any size (within the region of near-failure stress values). Because small-scale cascades are common, and larger-scale cascades increasingly rare with increasing size, the result is a power law distribution of pressure pulse magnitudes [Kavanaugh, 2009] . Once stress equilibrium is re-established, the result is only minimally stable, as the points onto which the stress was redistributed are now closer to failure. In this state, it is likely that additional slip events will occur after a very short time interval, and given that the shear stress at the initial location of slip is now below the Coulomb failure stress, it is also likely that subsequent failures will re-load that pinning point. In this manner, individual pinning points can fail and be re-loaded repeatedly at short interevent times. As in the case of earthquake dynamics (which function similarly; see Bahr and Rundle, [1996] ; Kavanaugh [2009] ), the probability of subsequent failure decreases with increasing interevent times, as the more stable a given stress configuration, the greater the probability that it will persist [see, e.g., Bak, 1996] . For a glacier bed that is everywhere near the Coulomb failure stress (i.e., for a bed in "critical state"), these mechanisms result in a power law interevent time distribution like that derived by equation 3. (It is important to note that in the above discussion, stresses are redistributed to neighboring points at a rate determined by the elastic, rather than viscous, properties of the ice; such redistribution would thus occur at the p-wave velocity of the ice, ∼3850 m s −1 [Kohnen, 1974; Descamps, 2009].) [27] In the second scenario, let us consider a situation similar to the first, but with the addition of a nearby region in which stresses remain below the failure stress. This region might represent a "sticky spot" resulting from changes in the properties of basal materials or a physical obstacle to flow. Let us again assume that basal stresses are everywhere near failure (with the exception of the sticky spot). As in the first scenario, slip at a pinning point results in a redistribution of stresses to neighboring pinning points; similarly, this redistribution can cascade to nearly any size within the region of near-failure stresses. However, if a portion of the basal stress is transferred to the sticky spot (in which stresses remain below failure), the probability that the initial point of failure will be quickly re-loaded is reduced, resulting in a suppression of pulse events at low interevent times. Stresses on the pinning points are likely to remain below failure until they are re-loaded by viscous deformation of the ice. In this scenario, the power law pressure pulse magnitude distribution is maintained (because of the near-immediate elastic redistribution of the initial stress perturbation), but shortinterevent-time recurrences of failure are suppressed (due to the stable loading of a nearby sticky spot). This reasoning suggests that stresses at the bed are controlled by frictional processes in regions where the interevent time distribution is well-fit by a power law function of the form of equation 3, and that viscous ice creep plays a significant role in regions for which the interevent time distributions deviate significantly from a power law at low t values.
[28] This interpretation provides a context for the differences in the interevent time curves observed at the three glaciers. The study area of Trapridge Glacier is known to be underlain by a layer of soft, deformable sediments [e.g., Blake et al., 1992; Stone, 1993; Kavanaugh and Clarke, 2006] , and the glacier bed in this region is relatively smooth [Flowers and Clarke, 1999] . Ice flow in this region is generally uniform and is due, almost entirely, to basal motion [Blake, 1992] . Given these conditions, it is feasible that basal motion is controlled by critical-state failure dynamics, as is suggested by the observed power law interevent time distribution. (Here "critical state" refers to a state in which a complex system exhibits no characteristic time or length scale; see, e.g., Bak et al. [1988] ; Kavanaugh [2009] .) In contrast, the study site at West Washmawapta Glacier is located near the lateral margin of the glacier and just up-flow from a bedrock riegel in a region with an adverse basal slope [Sanders et al., 2010] ; the significant departure from a power law distribution at low interevent times observed here might therefore indicate that the riegel provides an effective physiographic obstacle to flow. Conditions at Storglaciären might be expected to fall between these two extremes: the study site here is soft-bedded and flow results mainly from basal motion, but flow in this near-terminal region shows generally uniform longitudinal compression [Moore, 2009] . Further study will be necessary to determine the factors that control the form of these distributions.
Evolution of Dynamical Conditions During Establishment of Basal Drainage at West Washmawapta Glacier
[29] As was noted by Kavanaugh [2009] , a useful dynamical analogue to the mechanisms responsible for generating pressure pulses can be found in earthquake "swarm" behavior. Such swarms, or periods of elevated earthquake activity, are thought to be caused by structural inhomogeneities and/or intrusion of fluid into the fault zone [see, e.g., Hill, 1977] . Earthquake magnitudes during these swarms typically exhibit power law distributions [e.g., Scholz, 1968; Sykes, 1970; Hainzl, 2003] , and both power law and quasi-exponential interevent time distributions have been observed during swarm events [e.g., Hainzl and Fischer, 2002] . A 2000 earthquake swarm event in Vogtland/NW Bohemia was inferred to have been initiated by the intrusion of fluids into the fault zone [Hainzl and Fischer, 2002; Hainzl, 2004] , suggesting that the initiation of an earthquake swarm might result from forcings similar to those that occur when surface waters reach the glacier bed following the onset of seasonal melt [Kavanaugh, 2009] ; similarly, increased seismicity has been attributed to fault zone lubrication due to fluid injection into wells [e.g., Raleigh et al., 1976] and rainfall infiltration [e.g., Hainzl et al., 2006] . In this section, we investigate whether pressure pulse magnitude and interevent time distributions can provide additional information about the evolution of glacier dynamics around the time basal drainage was established at WWG in 2008.
[30] Figures 6a-6e show air temperature and basal water pressure values recorded at West Washmawapta Glacier during a 60 day period of summer 2008 that includes the onset of diurnal pressure variations in the record of P4 (Figure 6b) . Air temperature values during this time (Figure 6a ) indicate three intervals of sustained warmth, spanning days 218-222, 227-232, and 259-265 ; the onset of diurnal pressure variations occurs during the second of these intervals. Maximum (blue) and minimum (red) pressure values in the record for transducer P4 deviate most strongly from the discrete pressure values during portions of the first two warm intervals, indicating elevated pressure pulse activity and thus larger and more frequent basal slip events at these times. The relatively steady, above-flotation pressure values seen in the discrete pressure record of P4 prior to day 231 indicate that an efficient drainage system has not yet been established in this region of the glacier. The sustained warm air temperatures during days 218-222 and 227-232 likely results in increased meltwater production. If some fraction of this melt reaches the glacier bed, it would enter a poorly-developed subglacial drainage system; this could destabilize the glacier. Several episodes of destabilization are evidenced during days 221 and 231 by (1) increased pressure pulse activity in the record of P4; (2) multiple abrupt pressure changes in the records of P8 on day 221 (Figure 6c ), which indicate repeated damage to the transducer; (3) additional damage sustained by P8 on day 231, following which no in-range values are recorded; and (4) damage to transducer P10 on day 231 (Figure 6d) , which results in an indicated 238 m pressure drop. The records shown in Figure 6 thus indicate the occurrence of a "spring event" [e.g., Iken et al., 1983; Röthlisberger and Lang, 1987; Kavanaugh and Clarke, 2001; Copland et al., 2003; Mair et al., 2003 ] associated with the establishment of a subglacial drainage system at West Washmawapta Glacier in summer 2008.
[31] Figures 10a and 10b show pressure pulse magnitude and interevent time distributions for two 10 day intervals during summer 2008, respectively. (In Figure 10 , distributions are color-coded as follows. First interval: DP + = blue, DP − = red; second interval: DP + = green, DP − = magenta.) The first interval covers 4-14 August (days 217-227) 2008, and thus represents a period prior to establishment of the basal drainage system (hereafter: EBD); the second interval covers 13-23 September (days 257-267) 2008, which follows EBD. Both of these periods (delineated in Figure 6 by vertical dotted lines) are relatively warm, averaging +8.6°C during the first interval and +7.6°C during the second. During the first interval, n + = 21,718 positive-amplitude and n − = 21,881 negative-amplitude pressure pulses are detected; only ∼25% as many (n + = 5094 and n − = 5250) are recorded during the second interval. Magnitude distributions for pressure pulses prior to EBD (Figure 10a ) exhibit gentler slopes (with b + = 1.15 and b − = 1.12) than do those following EBD, for which b + = 1.50 and b − = 1.52. This indicates that large pulses represent a greater proportion of pulse events prior to EBD than afterwards; similarly, the largest pulse recorded during the first interval (DP − = 140 m) is nearly twice the amplitude of the largest pulse recorded during the second (DP − = 76 m). Interevent time distributions for the two intervals (Figure 10b ) show that short (t i < ∼0.01 day) wait times are more prevalent prior to EBD than afterward; furthermore, longer wait times are observed after EBD, with max(t i ) ≈ 12 hr (compared to max(t i ) ≈ 5 hr during the first interval).
[32] One potential explanation for the change in pressure pulse distributions between these two intervals is that EBD increased the hydraulic connection of the borehole to the surrounding region, allowing water to escape or enter the borehole during pulse events. Such water movement would reduce the apparent amplitude of pressure pulses, resulting in lower magnitudes and, potentially, "missed" events, which might increase the apparent interevent times. However, no evidence for such a change is seen in the record for P4. Figure 11 shows P D (black), P M (blue) and P N (red) pressure values recorded during a 2-hour interval at the time of peak diurnal pressures on day 264 (20 September); inspection of Figures 6a and 6b show that this day was near the end of the third warm interval, during a time of significant pulse activity. Given that pressure pulses are generated by elastic bulk compression of the water within the borehole and the surrounding ice [Kavanaugh, 2009] , the pressure measured immediately after the pulse would differ from that measured immediately before it if the volume of water contained in the borehole changed during a pulse event. Such changes are not observed in Figure 11 . Instead, the pre-pulse pressure value is reliably regained immediately following a pulse event, indicating that the volume of water within the borehole remained constant during the short-duration events [Kavanaugh, 2009] . Conversely, longer-term pressure equilibrium between the borehole and underlying sediments is demonstrated by the presence of diurnal pressure variations in the record of P4. These hydraulic behaviors might be explained the presence of basal sediment, which could provide an effective seal against water flow on short timescales while allowing pressure equalization between the borehole and basal drainage system on longer timescales; alternately, sediment infill of the lower portion of the borehole (evident during redrilling of a nearby borehole for repeat inclinometry) could produce similar hydrological characteristics.
[33] The pressure record of transducer P4 thus indicates that the changes in magnitude and pressure pulse distributions following EBD in Figure 10 represent real changes in the glacier's dynamics. Compared to the first (i.e., preestablishment) interval, the second interval shows (1) a ∼75% decrease in the number of pressure pulses recorded, (2) an increased b value, indicating that relatively fewer largeamplitude pulses were recorded, (3) smaller maximumamplitude pressure pulses, and (4) generally longer interevent times between pulses. These changes suggest that EBD had a significant impact on the stress state of the glacier. Additional information about the stress state might be gained by examining the evolution of the magnitude distribution exponent b over this interval. Rock microfracture experiments by Scholz [1968] showed that the b value of acoustic emissions decreases with increasing shear stress. Hainzl and Fischer [2002] subsequently expanded this interpretation, attributing decreases in b values during a 2000 earthquake swarm event in Vogtland/NW Bohemia to increases in shear stress relative to the Coulomb failure stress; such increases can result from either increases in shear stress or increased pore water pressure within the fault zone. Given the phenomenological similarities between earthquake fault zones and the ice-bed interface of a glacier [Bahr and Rundle, 1996; Kavanaugh, 2009] , we here investigate whether b values of the pressure pulse distributions can yield similar information about the stress state of the icebed interface.
[34] Figure 6f shows b values (calculated daily with a timecentered 2 day window) spanning the 60 day period around EBD in summer 2008. The number of positive and negative pressure pulses recorded during these intervals range 485 ≤ n + ≤ 6933 and 514 ≤ n − ≤ 6800; given the near-linearity of the 2 day pulse magnitude distributions, one-sigma uncertainties in b are <0.01. Values for b + range between 0.96 and 2.43 during the interval, while b − ranges 0.95-1.92. Prior to EBD on day 231, b values are generally out-of-phase with air temperature values, exhibiting low values during the warm intervals of days 218-222 and 227-232. In contrast, the warm period of days 258-266 (following EBD) is marked by an initial increase in b values, followed by a decrease after ∼4 days. Inspection of Figure 3f shows that values for b + and b − are generally similar, typically agreeing to within ∼±0.2 throughout the interval shown (though deviating by as much as ±0.4). While it remains unclear how significant small changes in b values are, this record suggests that variations larger than ∼0.2-0.5 can be considered dynamically important.
[35] If the b value interpretations of Scholz [1968] and Hainzl and Fischer [2002] hold for the ice-bed interface, these results indicate that basal stresses were nearest the yield strength of the bed during the two warm intervals prior to EBD, and that following EBD, the glacier's sensitivity to subsequent influxes of meltwater (which would be expected during days ∼258-266) was significantly reduced, requiring several days of (inferred) enhanced melt to reduce stability. These interpretations are supported by the following details in the basal water pressure records: (1) Damage to transducers P8 and P10 (Figures 6c and 6d ) occurs at times when b values indicate that basal stresses are closest to the yield strength of the bed, making large slip events more likely. (2) The period of lowest pressure pulse activity and amplitude values in the record of P4 (Figure 6b ) in this interval occurs during days 257-264, indicating that slip events are both smaller and less numerous at this time; accordingly, the largest b values are observed during this interval. The observed changes in b values likely represent variations in the stress state with respect to an areally-averaged failure strength. When shear stresses are below this areal average, stress perturbations resulting from failure at weak points are more readily accommodated by neighboring pinning points, thus limiting the propagation of failure and resulting in relatively fewer large-magnitude events (and hence larger b values). At stresses closer to the areal average, slip-induced stress transfers are more likely to overwhelm adjacent pinning points, 
Conclusions
[36] Water pressure pulses were measured at Storglaciären (SG), Sweden, and West Washmawapta Glacier (WWG), British Columbia, Canada. At each glacier, thousands of pulses were recorded, with both positive and negative amplitudes. Examination of these pulses indicate the following: (1) Pulse magnitudes from both glaciers are well-fit by power law distributions similar to those observed for pulses recorded at Trapridge Glacier (TG); distributions of this form are likely to result from the propagation of slip-induced failure due to the elastic transfer of stress onto neighboring pinning points [Kavanaugh, 2009] . In contrast, interevent time distributions for SG and WWG deviate from the power law distributions observed at TG, suggesting that these glaciers are near-critical and sub-critical, respectively; at WWG, the sub-critical stress state might be maintained by the presence of a riegel located down-glacier from the study site.
(2) Comparison of pressure pulse activity with meteorological conditions at SG suggests that water loading of the glacier surface during precipitation events can trigger failure of the glacier bed, and further suggests that stress conditions at the glacier bed can be readily maintained at the threshold of failure. (3) Changes in pressure pulse behaviour following a 2008 "spring event" at WWG suggest that basal motion is more sensitive to meltwater input before the establishment of an efficient basal drainage than afterward. This indicates that the establishment of basal drainage can result in increased glacier stability (as inferred by Kavanaugh and Clarke [2001] ) and decreased sensitivity to meltwater input (as noted by Bingham et al. [2005] ), and suggests that the relationship between meltwater production and glacier flow is more complicated than commonly assumed.
[37] This study (and that of Kavanaugh [2009] ) indicates that the monitoring of pressure pulses can provide a useful complement to far-field seismic observations, and is particularly useful for (1) the study of frictional behaviors that result from critical or near-critical basal stress states and (2) the interaction of these behaviors with external forcings, such as surface weather conditions, and mitigating factors, such as the presence of nearby sticky spots. While, to date, this method has been applied only at relatively small glaciers, its application might also provide useful insight into the linkages between hydrological conditions and ice dynamics in larger ice caps and ice sheets, a topic of considerable current interest [e.g., Bell et al., 2007; Fricker et al., 2007; Shepherd et al., 2009] .
